Cook JS, Ray CA. Modulation of muscle sympathetic nerve activity to muscle heating during dynamic exercise. Am J Physiol Regul Integr Comp Physiol 296: R1439 -R1444, 2009. First published March 11, 2009 doi:10.1152/ajpregu.90823.2008.-Previous studies from our laboratory have demonstrated that altering muscle temperature of the exercising forearm can elicit changes in muscle sympathetic nerve activity (MSNA) during ischemic isometric handgrip. The purpose of the current study was to determine the interactive effect of muscle temperature and blood flow on MSNA responses during dynamic handgrip (DHG). Eight subjects performed two bouts of graded DHG to fatigue followed by 2 min of postexercise muscle ischemia (PEMI). Local heating of the forearm increased muscle temperature from 33.6 Ϯ 0.3 to 38.3 Ϯ 0.5°C (P Ͻ 0.05). Mean arterial pressure and heart rate increased in a linear fashion during graded DHG (P Ͻ 0.05) but were not affected by muscle temperature. MSNA (burst frequency and total activity) at fatigue and PEMI were elevated in all conditions (P Ͻ 0.05). However, MSNA responses were not different between temperature conditions. To ascertain the effect of blood flow, eight additional subjects completed two trials of ischemic DHG under control or warm conditions followed by 2 min of PEMI. MSNA, expressed as burst frequency and total activity, was significantly greater in warm compared with the control trial (⌬14 Ϯ 3 and ⌬9 Ϯ 2 bursts/30 s, and ⌬1,234 Ϯ 260 and ⌬751 Ϯ 199 units/30 s, respectively). This finding supports the concept that muscle heating sensitizes skeletal muscle afferents during muscle contractions and augments MSNA in humans. However, on the basis of these findings, we conclude that muscle blood flow modulates the effect of muscle temperature on MSNA during exercise. metaboreflex; mechanoreflex; perfusion; ischemia; muscle thermoreflex MUSCLE SYMPATHETIC NERVE ACTIVITY (MSNA) is increased by the exercise pressor reflex (15). Increased MSNA is believed to be the result of activation of metaboreceptors and mechanoreceptors via increased metabolite concentration (23-25, 28, 32), as well as mechanical stretch (1, 2, 18, 20 -22). These findings have been demonstrated in both animals (6, 14, 16, 29) and humans (7, 9 -11, 18, 20 -22, 26, 28, 30).
MUSCLE SYMPATHETIC NERVE ACTIVITY (MSNA) is increased by the exercise pressor reflex (15) . Increased MSNA is believed to be the result of activation of metaboreceptors and mechanoreceptors via increased metabolite concentration (23-25, 28, 32) , as well as mechanical stretch (1, 2, 18, 20 -22) . These findings have been demonstrated in both animals (6, 14, 16, 29) and humans (7, 9 -11, 18, 20 -22, 26, 28, 30) .
Dynamic exercise is known to increase muscle temperature (27) . We have demonstrated that muscle heating increases MSNA responses to ischemic isometric handgrip (IHG) (12, 20) . In addition to elevated MSNA responses, mean arterial pressure (MAP) and heart rate (HR) were augmented during IHG. In contrast, muscle cooling delays MSNA responses to IHG (21) .
MSNA responses to heating during dynamic handgrip (DHG) have not been tested. By investigating DHG, the exercise is no longer inherently ischemic because perfusion to the exercising muscle is not hindered during the relaxation phase of dynamic exercise. Increased muscle blood flow can alter muscle temperature and metabolite concentration due to heat convection and washout, respectively, both of which may modify the milieu of metaboskeletal and mechanoskeletal muscle afferents.
The purpose of the current study was to determine the interactive effect of muscle heating and blood flow on MSNA responses during DHG. We hypothesized that blood flow would reduce the exercise-mediated MSNA responses that result from elevated muscle temperature.
METHODS
Experimental protocol. Sixteen subjects (10 men and 6 women, aged 26 Ϯ 2 yr) were recruited (n ϭ 8 per study) to participate in study 1 (DHG to fatigue) and study 2 (ischemic DHG to fatigue). Subjects were normotensive, nonsmokers, nonobese, and unmedicated. Written informed consent was obtained from all subjects after verbal explanation of the experimental protocol. The Institutional Review Board of The Pennsylvania State University College of Medicine approved the experiments.
During the warm trial, the exercising forearm was heated for 30 min before and during the experimental session with the application of two heat packs containing silicate gel in a cotton pad. These packs were immersed in water at a temperature of ϳ75°C. Each pack was wrapped in a terrycloth cover to protect the skin from direct contact. Heat was not applied during the control trial. Study 1. Dynamic handgrip. This exercise protocol was performed under two experimental muscle temperature conditions administered in a random order: 1) control (34°C) and 2) warm (38°C). The study consisted of 3 min of baseline measurements, DHG to fatigue, 2 min of postexercise muscle ischemia (PEMI), and 3 min of recovery. DHG consisted of a 1-s contraction followed by a 1-s relaxation, repeated to fatigue. The workload started with no weight and progressively increased 1.2 kg/min to fatigue. Just prior to fatigue, a pneumatic cuff on the exercising arm inflated to a suprasystolic level of 240 mmHg for 2 min to elicit PEMI. To allow the parameters to return to baseline levels, the subjects rested ϳ40 min between the two trials (Table 1) .
Study 2. Ischemic dynamic handgrip. Two experimental trials of ischemic DHG were performed with differing muscle temperatures [34°C (control) and 38°C (warm)]. The sequence of the exercise trials was randomized. The study consisted of 3 min of baseline measurements, ischemic DHG to fatigue, 2 min of PEMI, and 3 min of recovery. The pneumatic arm cuff was inflated to 240 mmHg 5 s before initiating the ischemic DHG. DHG consisted of a 1-s contraction followed by 1-s relaxation, repeated to fatigue as performed in study 1. However, in contrast to study 1, in which the workload progressively increased until fatigue, the workload was kept constant at 30% of maximal voluntary contraction (MVC). To allow the parameters to return to baseline levels, the subjects rested ϳ40 min between the two trials ( Table 1) .
Measurements. In study 1, muscle temperature was measured in each subject by a 22-gauge hypodermic intramuscular thermistor (model 552, Yellow Springs Instruments, Yellow Springs, OH), which was placed 2-3 cm below the skin into the flexor muscles of the forearm. The top of the probe was insulated from direct contact with the heat packs, limiting the effect of the heating on the probe. Measurements were taken at 1-min intervals during baseline and at 30-s intervals for the remainder of the experimental protocol. In study 2, muscle temperature was measured in only one subject. We did this because muscle temperature did not increase during exercise during the heated trial in study 1 and because this one subject and the subjects from our previous study (20) showed the same elevated muscle temperature to heat during exercise.
Skin thermistors were used to measure skin surface temperature. Two thermistors were placed between the skin and the moist heat pack (one proximal and one distal) on the heated forearm. A third thermistor was placed on the nonheated contralateral forearm to serve as a control. Each skin thermistor was insulated with a small piece of foam.
Heart rate and arterial blood pressure were continuously recorded during all trials using a Finapres (Ohmeda, Englewood, CO). Before the exercise protocol, brachial artery blood pressure was measured by an automated sphygmomanometer (Dinamap, General Electric, Waukesha, WI).
Multifiber recordings of MSNA were obtained from a tungsten microelectrode inserted in the peroneal nerve behind or lateral to the knee, as previously described (19) . A reference electrode was placed subcutaneously 2-3 cm from the recording electrode. The criteria for an adequate MSNA signal included: 1) tapping of the muscles or tendons innervated by the nerve produced afferent mechanoreceptor discharges; 2) apnea produced an increase in sympathetic nerve activity; 3) stroking of the skin did not produce any afferent activity; and 4) sudden, unexpected arousal stimulus (shout or clap) did not produce any increases in sympathetic activity (31) . The nerve signal was amplified (20,000 -50,000 times), fed through a bandpass filter with a bandwidth of 700 -2,000 Hz, integrated using a 0.1-s time constant (University of Iowa Bioengineering, Iowa City, IA), and recorded digitally (16SP Powerlab, ADInstruments, New Castle, Australia). The mean voltage neurogram was routed to a computer screen and a loudspeaker for monitoring during the study. Sympathetic recordings that demonstrated possible electrode site shifts, altered respiratory patterns (e.g., breath holding, inspiratory gasp, and hyperventilation), or electromyographic artifact during experimental intervention were excluded from analysis.
Data analysis. Sympathetic bursts were identified from individual inspection of the mean voltage neurograms and with computer assistance. Signal-to-noise ratio of 2:1 and a latency period of ϳ1.3 s from the R wave of the EKG was required. MSNA was expressed as burst frequency (bursts/min) and total MSNA (i.e., sum of bursts amplitude). The amplitude of the bursts was measured by a computer program (Peaks; ADInstruments). Absolute changes from baseline are reported for burst frequency. Relative changes (%) from baseline are reported for total MSNA. MSNA burst frequency and total activity were quantified during the final 30 s of exercise (fatigue) and averaged during PEMI.
MAP and HR were averaged over 30 s at fatigue and during PEMI. Skin and muscle temperatures were reported at baseline, 25%, 50%, 75%, and 100% of the time to fatigue.
Statistical analyses were performed with a two-within factor [muscle temperature ϫ intervention (exercise stages)] ANOVA. Significance was set at P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS

Study 1. Dynamic handgrip.
Preexercise values for MAP, HR, MSNA burst frequency, and total activity were not significantly different between temperature conditions ( Table 1) . The muscle and skin temperature recordings were significantly different between the temperature conditions (P Ͻ 0.05). Local heating increased muscle temperature from 33.6 Ϯ 0.3 to 38.3 Ϯ 0.5°C and increased skin temperature from 30.9 Ϯ 0.4 to 39.7 Ϯ 0.4°C at rest. During the control trial, a significant increase in muscle and skin temperature was observed during DHG at 50% (34.6 Ϯ 0.4 and 31.5 Ϯ 0.3°C, respectively), 75% (35.3 Ϯ 0.4 and 32.3 Ϯ 0.2°C, respectively), and fatigue (36.1 Ϯ 0.4 and 33.1 Ϯ 0.2°C, respectively) (P Ͻ 0.05). During the heating trial, muscle and skin temperature during DHG in the exercising forearm did not significantly increase but were greater than the control trial (Fig. 1 ). There were no 
Preexercise values for study 1 (dynamic handgrip) and study 2 (ischemic dynamic handgrip). MSNA, muscle sympathetic nerve activity; au, arbitrary units; MAP, mean arterial blood pressure; HR, heart rate. Values are expressed as means Ϯ SE. differences in skin temperature in the contralateral arm during the control and heating trials (30.3 Ϯ 0.5 and 30.0 Ϯ 0.7°C, respectively). DHG and PEMI elicited significant increases in MAP for both trials (P Ͻ 0.05). Likewise, HR was significantly increased during exercise (P Ͻ 0.05) for both trials, whereas HR during PEMI was not different from baseline for both trials (Fig. 2) . MSNA responses to DHG and PEMI were significantly increased compared with baseline (P Ͻ 0.05) but were not significantly different between temperature conditions (Fig. 3) . The time to fatigue was not significantly different between the two temperature trials, 645 Ϯ 46 and 574 Ϯ 45 s for control and heating, respectively (P ϭ 0.29).
Study 2. Ischemic dynamic handgrip. Preexercise values for MAP, HR, MSNA burst frequency, and total activity were not significantly different between the two temperature conditions (Table 1) . During the control trial, skin temperature did not significantly increase with exercise, unlike that observed in study 1 but remained at ϳ32°C. During the heating trial, skin temperature did not significantly increase with exercise but remained at ϳ39°C. There were no differences in skin temperature in the contralateral arm during the control and heating trials (30.1 Ϯ 0.7 and 30.4 Ϯ 0.3°C, respectively). During the final 30 s of ischemic DHG and during PEMI, MAP was significantly elevated from preexercise (P Ͻ 0.05), whereas HR was only significantly elevated from baseline during the final 30 s of ischemic DHG (P Ͻ 0.05) (Fig. 2) .
MSNA burst frequency and total activity significantly increased from baseline during ischemic DHG and PEMI (P Ͻ 0.05) (Fig. 3) . MSNA responses to the heating trial were significantly greater than the control trial (P Ͻ 0.05) (Fig. 4) . During PEMI, MSNA was not significantly affected by muscle temperature (P ϭ 0.20) (Fig. 3) . The ischemic DHG time to fatigue was not significantly different between temperature conditions, 120 Ϯ 13 and 126 Ϯ 17 s for control and heating, respectively (P ϭ 0.79). Fig. 2 . A: mean arterial pressure (MAP) and heart rate (HR) responses to dynamic handgrip (DHG) during the final 30 s and postexercise muscle ischemia (PEMI) from study 1. All values were significantly elevated from baseline (P Ͻ 0.05) except for HR during PEMI. There were no statistical differences between temperature trials. B: mean arterial pressure (MAP) and heart rate (HR) responses to ischemic DHG during 30 s prior to fatigue and PEMI from study 2. All values were significantly elevated from baseline (P Ͻ 0.05) except for HR during PEMI. There were no statistical differences between temperature trials.
DISCUSSION
The purpose of the current study was to determine the interactive effect of muscle heating and blood flow on MSNA responses to exercise. The main finding of this study was that blood flow modulates the effect of muscle heating on MSNA responses to DHG (study 1). However, consistent with our previous findings using isometric handgrip (12, 20) , muscle heating augmented MSNA responses during ischemic DHG (study 2).
Heat increases the firing rate of group III and IV afferents (8, 13, 17) . We have previously reported that both muscle heating and cooling alters MSNA responses to ischemic forearm exercise (20, 21) . Muscle heating augmented exercise-induced increases in MSNA, whereas cooling delayed the increases in MSNA (12, 20, 21) . With muscle heating, the augmented response appeared to be mediated by sensitization of muscle mechanoreceptors by increased metabolite production. In contrast, muscle cooling delayed the production of metabolites and thus reduced muscle afferent feedback. However, those studies were performed under ischemic conditions to eliminate the confounding problem that muscle blood flow could have on these experiments. With respect to the heating studies, muscle blood flow could have increased the dissipation of heat and/or increased the removal of metabolites generated by increased Fig. 3 . A: muscle sympathetic nerve activity (MSNA) responses during the final 30 s (fatigue) of DHG and PEMI from study 1. There were no statistical differences between temperature trials for both DHG and PEMI. B: muscle sympathetic nerve activity (MSNA) responses during the final 30 s (fatigue) and PEMI from study 2. MSNA increased during ischemic DHG at fatigue and was elevated in the heat trial from the control trial (P ϭ 0.004 for ⌬ burst frequency and P ϭ 0.001 for ⌬ total activity). During PEMI, MSNA remained elevated from baseline but was not affected by temperature [interaction term (temperature ϫ intervention) was P ϭ 0.35 for ⌬ burst frequency and P ϭ 0.20 for ⌬ total activity].
metabolism. For the current study, we wanted to examine the possible impact that blood flow had on these parameters.
In study 1, we allowed normal muscle blood flow, while maintaining elevated muscle heat. This experimental paradigm demonstrated no greater increase in MSNA during exercise despite elevated muscle temperature. Thus, muscle blood flow prevented the augmented increase in MSNA, as observed in our earlier study. In study 2, we occluded muscle blood flow and observed augmented MSNA responses to DHG. In combination, these studies indicate that muscle blood flow modulates the effect of muscle temperature on exercise-induced increases in MSNA. These studies also provide insight on how muscle blood flow modulates heat-induced increases in MSNA during exercise. Because we were able to maintain an elevated muscle temperature throughout exercise in study 1 when muscle blood flow was normal, this condition suggests that heat activation of muscle afferents is not solely responsible for increases in MSNA. In study 2, we blocked muscle blood flow, while maintaining elevated muscle temperature. In this condition, the metabolites are trapped in the muscle, as in our previous study, and we observed augmented responses. Thus, it appears that the elevation in metabolite production induced by heating is the mechanism for the greater increase in MSNA during exercise.
We previously speculated that the augmented increase in exercise-induced MSNA with heating was sensitization of muscle mechanoreceptors via increased metabolites (20) . The findings in study 2 support this conclusion in that MSNA responses during PEMI were not significantly different [interaction term (temperature ϫ intervention) was P ϭ 0.35 and P ϭ 0.20 for burst frequency and total activity, respectively]. During PEMI, there is no engagement of muscle mechanoreceptors because of no muscle contraction.
Could elevated skin temperature influence the results? We believe this is unlikely because skin temperature was unchanged during exercise with heat, as has been previously reported (20) . Furthermore, the lack of change in resting MSNA when skin temperature was elevated argues against a role of cutaneous receptors. Additionally, because subjects did not perceive any discomfort by the heating, it is unlikely that cutaneous nociceptive afferents mediated the augmentation in exercise-induced MSNA.
Study 2 served two purposes: 1) to reproduce our findings that muscle heating during ischemic exercise augmented MSNA responses (20) ; and 2) to provide compelling evidence that blood flow prevented the augmented MSNA response observed in study 1. By occluding blood flow during exercise, we were able to significantly augment exercise-mediated increases in MSNA during muscle heating, and thus confirm our previous results (12, 20) . Moreover, our results clearly implicate blood flow as a potent modifier of heat-related MSNA responses during dynamic exercise. As expected, ischemia shortened the exercise time in study 2. Nevertheless, this exercise paradigm evoked augmented MSNA responses to muscle heating.
Limitations. During study 2, we used a different exercise workload during ischemic exercise than what was used during study 1 with dynamic exercise. Despite this difference, we do not believe that the differences in the protocols were responsible for the augmented MSNA responses with heating during ischemic exercise. Most importantly, during both protocols, exercise was performed to fatigue (i.e., common end-point).
Interestingly, MAP was not increased at fatigue, despite augmented MSNA from muscle heating during ischemic DHG at fatigue. However, this finding coincides with our previous work, which did not find a significant increase in MAP at fatigue, despite augmented MSNA from muscle heating during ischemic isometric handgrip (20) .
Perspectives and Significance
The purpose of the current study was to determine the interactive effect of muscle heating and blood flow on MSNA responses during DHG. These studies demonstrate the importance of muscle blood flow on modulation of MSNA responses during exercise in the heat. Muscle blood flow to the active muscle attenuates heat-induced increases in MSNA in humans. Do heat-induced increases in MSNA occur with whole body exercise (e.g., running, cycling)? It has been documented that leg exercise can elicit marked increases in muscle temperature (5) . Thus, the potential exists for this mechanism to activate MSNA. However, muscle blood flow dramatically increases in response to exercise. Therefore, modulation of the heat-induced increases in MSNA would be expected. But in conditions in which muscle blood flow is limited, such as maximal exercise, or in clinical states, such as congestive heart failure (3) and peripheral arterial disease (4), this reflex may contribute to exacerbated MSNA responses during exercise.
